The incidence of type 2 diabetes increases with age. The age-dependent decline in functional b-cell mass contributes to the increased risk of onset of diabetes, reflecting the central role of pancreatic b-cells in glucose homeostasis. Indeed, the replication rate of human and rodent b-cells is known to decline sharply with age, and such a characteristic of b-cells might explain the increased onset of type 2 diabetes in the older population. The molecular mechanism involved in the age-dependent decline of b-cell proliferation has been extensively studied, mainly using rodents and in vitro culture systems, but its molecular basis is still largely unknown. A mechanism by which glucagon-like peptide-1 receptor activation induces human b-cell proliferation only within a restricted time window was recently suggested in a study in which human islets were grafted into immunodeficient mice. The authors found that the mitogenic effects of exendin-4 require calcineurin/nuclear factor of activated Tcells signaling, and that only in juvenile islets, exendin-4 induced the expression of nuclear factor of activated T-cells signaling components, as well as downstream target genes that facilitate b-cell proliferation. These findings provide a mechanistic explanation as to why glucagon-like peptide 1 exerts mitogenic effects only in juvenile human b-cells.
The replication rate of human pancreatic b-cells is believed to be at 3-4% during the first several years of the postnatal period, and then after 10 years-of-age it dramatically declines to a low level, at 0.05-0.1%. In adulthood, the replication rate of b-cells remains low, at 0.01-0.1%. Previously, the lifespan of rat b-cells was assessed by the observation of lipofuscin granule accumulation using electron microscopy. The authors estimated the half-life of b-cells in 12-month-old rats to be 30-60 days. In contrast to rats, the lifespan of human pancreatic b-cells was estimated to be >20 years, consistent with the lower replication rate of human b-cells. However, human adult b-cells show active proliferation when an individual is pregnant or has liver disease. The presence of obesity increases insulin resistance, and thus an excess secretion of insulin is required to maintain normal glucose tolerance. Therefore, obese individuals require hypertrophy of their b-cells to maintain normal glucose tolerance. Indeed, the b-cell volume density of obese non-diabetic Caucasians was shown to be increased by 1.5-fold compared with lean non-diabetic control individuals. Mechanistic analysis of b-cell proliferation largely depends on data from rodents, as it has been very difficult to experimentally reconstitute human bcell proliferation, and systems that enable the assessment of proliferation potency of human b-cells have been greatly anticipated.
Whereas an age-associated decline in human b-cell proliferation has been previously reported, its molecular basis has never been tested in vivo, and no mechanistic explanation has been provided to support the idea. An age-associated increase in p16
INK4A has been implicated in the impaired proliferation of aged b-cells. P16
INK4A is a tumor suppressor protein and a cyclin kinase inhibitor that prevents phosphorylation of the retinoblastoma protein by cyclin-dependent kinase 4, thus preventing E2F transcription factors from activating the cell division cycle. The expression of p16
INK4A
in b-cells is suppressed by the polycomb genes, Ezh2 and Bmi1, both of which decline with age. The postnatal decline of Ezh2 and Bmi1 appears to be mediated by the decline of signaling through the platelet-derived growth factor receptor.
Glucagon-like peptide-1 (GLP-1) has a well-known role in stimulating insulin secretion, which is known as the incretin effect, in addition to enhancing insulin biosynthesis and preventing b-cell apoptosis A recent study by Dai et al. 3 at Vanderbilt University reported the establishment of a system that enables the assessment of human b-cell replication in vivo. In this system, human pancreatic islets were grafted into a renal capsule from immunodeficient non-obese diabetic scid gamma mice, these mice were treated with Ex-4 for 2 weeks using osmotic pumps, and Ex-4-induced b-cell replication was assessed by Ki67 immunostaining. They found that Ex-4 shows mitogenic effects on juvenile human b-cell grafts (from 0.5 to 7 yearsof-age), but not on adult b-cell grafts (>20 years-of-age). Here, another important finding was that Ex-4 enhanced glucose-stimulated insulin secretion similarly in juvenile human b-cell grafts and in adult human b-cells. Accordingly
. Gene ontogeny analysis showed that genes involved in the calcineurin/nuclear factor of activated T cells (NFAT) signaling pathway were on the top of the gene list, which were preferentially expressed in juvenile islet grafts stimulated by Ex-4. Among the NFAT family members, the messenger ribonucleic acid of NFAT1, NFAT2 and NFAT4 is abundantly expressed in juvenile human islets, but is markedly declined in adult islets. Furthermore, in juvenile human islets, Ex-4 significantly induced the expression of the target genes of NFAT, including cyclin A, cyclin-dependent kinase and Forkhead box protein M1, which are involved in stimulating b-cell proliferation. A crucial role for the calcineurin/ NFAT pathway in Ex-4-induced proliferation of human b-cells was shown by the observation that the addition of FK-506, a strong inhibitor of the NFAT signaling pathway, almost completely eliminated Ex-4-induced b-cell proliferation, concomitantly with the disruption of Ex-4-induced activation of downstream effectors. Taken together, the authors concluded that the calcineurin/NFAT pathway mediates the age-dependent human b-cell proliferation induced by GLP-1R activation (Figure 1 . Although the authors detected no human b-cell replication in the islet culture system, treatment with the calcineurin inhibitor, tacrolimus, significantly induced human b-cell apoptosis. Furthermore, a crucial role for calcineurin/NFAT signaling in human b-cell survival has been suggested by the observation that 10-30% of patients treated with the immunosuppressant, FK-506, developed diabetes mellitus 6 . It is therefore intriguing that the study by Dai et al. 3 directly connects the Ca 2+ signaling elicited by GLP-1R activation to human b-cell proliferation by using a novel human islet graft technique. The development of an engraftment system that enables the assessment of human b-cell replication in vivo will significantly facilitate prospective analyses of the proliferative potency of human b-cells, and might eventually provide avenues towards discovering novel therapeutic strategies for functional b-cell expansion in humans.
